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Scutellaria baicalen,sis
Georgi is the most widely used and studied medicinal species of the genus. The root/rhizome of S. baica/ensi.c has been used for thousand of years in the traditional Chinese medicine preparation "1-luang Qin" for nervousness, high blood pressLire, and respiratory disorders (Molony and Molony, 1998) . The root preparations are also used in traditional medical systems of Nepal, Japan. and Korea. The leaf tissue is not typically used in medicinal preparations.
Despite the long-term and widespread use of these medicinal plants, there is limited information on the horticultural production of S'cutellaria species. Joshee et al. (2002) reported the results of growth studies of several species of Scale//aria in the field, Thomas and Schrock (2004) included Scurdlaria species in a winterhardiness trial of several midwestern United States perennial species. and Wills and Stuart (2004) gave an overview of Scald/aria production in Australia. Greenfield and Davis (2004) established general guidelines for field production of S. lateriftora in North Carolina and Janke et al. (2005) gave production recommendations for small farmers in Kansas.
Horticultural production guidelines for Score//aria galericulata L. and S. haicalensis have been prepared by Saskatchewan Agriculture and Food (Porter, 2005) .
The primary source of material for commerce is from wildcrafting, the practice of harvesting from the native environnient. The collection of plant material from the field results in significant variation in the growth, composition, and quality of plant material used in herbal preparations. This is a serious issue that limits the quality of tests of clinical efficacy (Mars and Bent. 1999; Wolsko et al., 2005) , has high potential for accidental or intentional adulteration (Furbee et al., 2006) . and N produces ariable composition of bioactivc flavonoids (Smolinski, 2005; Wolsko et al., 2005) .
Controlled environment (CE) production of plants eliminates variation associated with climate, soil, and nutrition Rosen et al., 2005; Stutte, 2006) , allows standardization of production and harvest protocols (Radovich et al., 2005) , minimizes contamination of samples by weeds, insects, and foreign matter (Gruda, 2005) , and increases uniformity of secondary metabolite production (Charron and Sams, 2004; Richards et al., 2004) . As such, CE has the potential to increase the productivity and quality of medicinal plants (Pagliarulo et al., 2003; Stutte, 2006) . Stutte et al. (2007) conducted a number of experiments to determine the feasibility of growing Scutellaria species in CE and described the light and temperature requirements for germination and early establishment of S. barbata, S. baicalensis, and S. later/flora. Stutte et al. (2007) also reported that S. Iaterflora and S. harhata had increased growth rate and reduced time to bloom by 7 to 10 d when grown in CE with CO2 enrichment. They concluded that the long growth cycle (2 years or more) to produce a marketable rhizome of S. baicalensis did not lend itself to CE production. However, CE production was promising for S. barbata and S. later/flora where the leaf and shoot were the desired products of commerce.
Atmospheric enrichment of greenhouses to 1000 limol'mol-' CO2 or more is a well-established practice for a number of high-value horticultural crops due to its positive effects on photosynthetic rate, total biomass production, and time to horticultural maturity (Hinkleton, 1988; Porter and Grodzinski, 1985) . There are also many reports that CO 2 enrichment increases the production of secondary metabolites (Estiarte et al., 1999; Veteli et al., 2002) and antioxidant activity (Wang et al., 2003) . Malikov and Yuldashev (2002) reviewed distribution and properties of phenolic compounds detected in Scutellaria species. Of the 208 substances that had been isolated and identified from 65 Scui'e/laria species, over 80% were flavonoids. Increased concentration of flavonoids through CO2 enrichment has the potential to enhance the production and quality of medicinal plants such as Score/lana.
The objective of the following experiments was to determine the effects of CO2 enrichment on the growth of S. later/flora and S. barhata and on production of six bioactive flavonoids, apigenin (5,7,4'-trihydroxyflavone), baicalin (baicalein-7-0glucuronide), baicalein (5.6,7-trihydroxyflavone), chrysin (5,7-dihydroxyflavone), scutellarein (5,6,7,4'-tetrahydroxyflavone) , and wogonin (5,7-dihydroxy-8-methoxyflavone) that have been reported to have anticancer and antiviral properties (reviewed in Cole et al., 2007; Joshee et al.. 2002) .
Materials and Methods
PLANT MATERIAL. Seeds of S. later/flora and S. barbara were obtained from Johnny's Selected Seeds (Winslow, ME) or Horizon Herbs (Williams, OR) and were stored desiccated at 4 °C until use.
CE CHAMBERS (CEC). A large step-in CEC (EGC M-36; Environmental Growth Chambers, Chagrin Falls, OH) was used to provide a consistent light quality, light intensity, and photoperiod to six smaller plant growth chambers that contained six plants each. The plant growth chambers had been originally designed as volatile organic compound analysis 632 chambers (Stutte et al., 2005) and had high-fidelity control of relative humidity (RH), temperature, and CO 2 concentration. Photosynthetic photon flux (PPF) was provided by T8 triphosphor fluorescent (TPF) lamps (Sylvania FP541/841/HO; Osram Sylvania, Westfield, IN) with dimmable ballasts. Photoperiod and air temperature of the large CEC were controlled using integrated control, monitoring, and data management system software (Dynamac Corp., Rockville, MD).
The smaller plant growth chambers were designed to allow nutrient solution uptake to be monitored for the six individual plants as well ( Fig. I) . Each nutrient delivery system consists of a calibrated nutrient reservoir, replenishment solution, nutrient containment chamber, siphon assembly, and the individual plant chamber. The interaction of nutrient solution level and root matrix is used to establish and maintain the desired moisture content conditions (Stutte et al., 2005) .
Each individual plant growth chamber is constructed of 0.6cm polycarbonate for the walls and bottom, and 0.6-cm acrylic for the top. A cross-flow fan placed in the bottom underneath a raised floor in the chamber forces air across a series of eight ceramic porous tubes which provide RH control, and over a heating strip that provides temperature control.
CO2 is delivered to the individual chambers via the facility's CO2 supply, which has been passed through silica, activated carbon, and Purafil TM (Purafil, Doraville, GA) filters before being mixed with filtered breathing air. This design provides removal of ethylene and volatile organic compounds that affect plant growth (Eraso et al., 2003; Stutte, 1999; Stutte et al., 2006) .
The environmental conditions in the chamber were monitored with a CO2 sensor (GMT222: Viasala, Woburn, MA) in the back of the chamber and with a telescoping rod containing RH (H1H 3605; Honeywell, Golden Valley, MN), temperature (Type J thermocouple), and PPF (Quantum sensor; LI-COR, Lincoln, NE) sensors, and data were stored at 5-min intervals in the control, monitoring, and data management system software database at Kennedy Space Center, FL. The environmental data were archived under the experiment code names of SC0702a (Rep I) or SC0902b (Rep 2). The experiments will be referred to as Rep I or Rep 2 for the remainder of the article.
Fill. I. .Su//arw were grosn in speciall y constructed chambers to provide temperature, relative humidity, and CO to six individual plants. Photoperiod and light ii tensitv were controlled in a controlled environment chamber. EFFECTS OF ELEVATED CO 2 ON BIOMASS PRODUCTION. Seeds of S. harbata and S. lateri flora were selected for uniformity and presoaked in deionized water for 72 h at 4 °C in the dark. This treatment had been found to increase the uniformity and percentage of germination (Stutte et al., 2007) . After presoaking, six seeds were planted in 6 x 6 x 7.5-cm rockwool blocks (GrodanTM , Hedehusene, Denmark) that had been prewetted with lx Hoagland solution (Hoagland and Arnon, 1950) . The rockwool blocks were placed in the nutrient delivery systems of the plant growth chambers. There were six plants in each chamber and the experiment was repeated twice.
Three of the smaller plant growth chambers were planted with S. harhata and three with S. lateriflora. Plants were harvested at 35 or 49 d after planting (DAP), and plant height, node number, leaf area, and fresh weight were determined. Plants were then dried for 48 to 72 h at 70 °C and dry weight (DM) was determined. Dried samples were then ground through a 40-mesh screen with a Wiley Mill before analysis. In Rep 1, the total top mass was harvested for biometric data, dried, and analyzed for flavonoid content. In Rep 2, the top tissue was separated into leaf and stem tissue before collecting biometric data.
EXTRACTION OF SCUTELLARIA SAMPLES. Extraction for dried leaves or stems was performed using an Accelerated Solvent Extraction (ASE Dionex Corp.. Sunnyvale, CA) apparatus at the USDA-Agricultural Research Service (ARS), Natural Products Utilization Research Unit (NPURU). About 1 g of dried, powdered sample was mixed with 1 g of purified sand (Fisher Scientific, Pittsburgh. PA) and was loaded in the extraction cartridge. Purified sand was added to fully pack the extraction cartridge. Extraction was carried out with the following parameters: heat, 5 mm; static, 10 mm; flush volume, 100 mL; purge, 90 s; pressure, 6.9 MPa; temperature, 40 °C; extraction solvent, methanol: water (80:20), four cycles. The extracts were concentrated under vacuum using a Savant SpeedVac (model SPD12IP: Savant Instruments, Holbrook, NY). Dried extracts were weighed and an aliquot was dissolved in 0.5%HC1-methanol and analyzed by high-pressure liquid chromatography (HPLC) for their content of flavonoids.
HPLC ANALYSIS OF EXTRACTS. Extracts were analyzed on a HPLC (Hewlett-Packard 1050; Agilent Technologies, Santa Clara. CA) using a 5-pm, 250 x 5.6-mm column (Inertsil ODS-2; Alltech Associates, Deerfield, IL) and monitored for their content of apigenin, baicalin, baicalein, chrysin. scutellarein, and wogonin at 1270 nm. The mobile phase consisted of 0.005% phosphoric acid (solvent A) and acetonitrile (solvent B) in a gradient elution starting from 36% to 100% B over a 37-mm run at a flow rate of I mLmin'. The flavonoids were quantified from a calibration curve of the standards (purchased from Sigma-Aldrich, St. Louis) with 6-hydroxyflavone as internal standard. A typical HPLC chromatograph of the standards and extract is shown in Fig. 2 . STATISTICAL ANALYSIS. Data were analyzed using analysis of variance and mean separation between CO 2 treatments using Tukey's test at P 0.05 with GraphPad Prism statistical software (GraphPad Software, San Diego).
Results
CO, had a significant effect on the growth and development of S. harbuta (Fig. 3 ) and S. lateri flora (Fig. 4) . Increasing the concentration of CO, from 400 to 1200 l.tmol . rnol ' had no significant effect on plant height or node number of S. harbata (Table 1) . Increasing CO 2 to 1200 tmo1mol 'resulted in a 24% increase in total leaf area. a 36% increase in fresh weight, and a 54% increase in top DM. There was no detrimental effect of increasing CO 2 to 3000 ljmol . mol (Table I) .
Similarly, increasing the concentration of CO 2 from 400 to 1200 l.tmoI . moL' had no significant effect on plant height of S. lateriflora (Table I) , but did result in a 31% increase in node number, 62% increase in top fresh weight, and 44% increase in (1) scutellarein, 7.9 mm: (2) baicalin, 9.7 mm: (3) apigenln, 16.0 mm; (4) baicalein, 18.3 mm: (5) 6-hydroxyflavone used as internal standard, 21.7 mm; (6) wogonin, 27.0 mm: and (7) chrysin, 28.1 mm: (B) extract from Scutel/aria barhata sample treated with 400 .tmolmol I CO,. Chromatograms are from absorbance at X270 nm. Fig. 3 . Lffcct o) 4)))) ( cli). ) 2)))) ( center), and 3000 (right) iiiiolmo1 CO,on gro w th of Scuwllu,iu bwbata at 49 d after planting. total DM. There was no statistically significant effect on total leaf area (Table 1) . Further enrichment to 3000 p.mol . mol CO2 had no additional effect on plant height or node number, but did produce a 58% increase in leaf area, 37% increase in fresh weight, and 18% increase in top DM over the 1200 lImolmol CO2 treatment.
The effects of CO 2 enrichment on biomass partitioning between leaf and stem tissue at two stages of development was looked at during Rep 2 ( Table 2) . The harvest times corresponded to flowering (35 DAP) and seed drop (49 DAP). The results on growth were similar to those obtained in Rep 1, except that the 3000 treatment resulted in an increase in plant height at 35 DAP, but not at 49 DAP.
The flavonoid content of the leaf and stem tissue was determined separately in tissue from Rep 2 to see if there was a difference in partitioning between leaf and stem tissue. The ilavonoid content was not statistically different between the leaf and stem tissue at any CO 2 concentration (data not shown). The concentration of the combined leaf/stem analysis is discussed in the remainder of the article.
Increasing the CO 2 concentration from ambient (400 l.t rnol.mol_ t ) in S. later/ flora resulted in the partitioning of biomass toward the stem tissue, with 31.6% of shoot DM in stem at ambient CO 2 and 36.1% and 38.8% in the 1200 and 3000 l.tmolmoH treatments, respectively. There was increase ]it mass per area as well, with increases of 9.3% at 1200 and '4j at 3000 l.tmolmol t CO2 (Table 3) . Increasing the CO2 concentration affected the concentration flavonoids in the vegetative tissue of S. barbata. The combined concentration of the six flavonoids measured increased by 48% at 1200 and 81% at 3000 l.trnolmol -t CO2 (Fig. 5) . Scutellarein was the predominant flavonoid in S. barbata, followed by baicalin, apigenin, baicalein, and wogonin.
Chrysin was not detected in the dried vegetative tissue. CO2 enrichment had no effect on baicalein or wogonin concentration. Increasing the CO 2 from 400 to 1200 limol . mol resulted in a 78% increase in scutellarein, a 55% increase in baicalin, and a 39% increase in apigenin concentration in the dried tissue. Increasing the concentration to 3000 llmol.mol_ t CO2 had no additional effect on flavonoid concentration.
Total flavonoid concentration of S. later/flora was significantly higher than S. barbata (1144 vs. 249 .tg . g-t DM) and had a more pronounced response to CO2 enrichment. The total flavonoid content increased by over 2.4 x at 1200 and 4.9 x at 3000 imolmol CO 2 ( Fig. 6 ). Under ambient CO 2 conditions, baicalin and baicalein were the dominant flavonoids, followed by wogonin and chrysin. Scutellarein and apigenin were not detected in the leaf tissue. The four flavonoids that were monitored all increased in response to CO 2 enrichment. Baicalin concentration increased 2.8-fold at 1200 imolmoL CO2 and 4.7-fold at 3000 Fmol . mol CO2. Baicalein, wogonin, and chrysin increased in a similar manner.
The effects of CO 2 enrichment on plant growth and flavonoid content produced a compounding effect at the whole plant level, resulting in nearly a doubling of the concentration of bioactive flavonoid content in S. barbata (Fig. 7) . The total content of flavonoids measured increased from 0.57 mg/plant at 400 Frnolmol CO 2 to 0.98 mg/plant at 1200 tmo1 . mol CO2 and 1.3 mg/plant at 3000 l.lmolmoL' CO 2 . The increases were due to total plant content of scutellarein, baicalin, and apigenin. There were no significant differences in total plant concentration of baicalein or wogonin with CO2 enrichment.
The compounding effects were significantly stronger in S. 1200 lImolmol CO2 , and a 13.7-fold increase at 3000 im01mo1' CO 2 (Fig. 8) . Overall, there was at least a 10-fold increase in the total production of flavonoid per plant at 3000 .imol.mol 1 CO2 over ambient (400 lsmol . mol) conditions, with the average total of flavonoids analyzed increasing from 3.3 mg/plant at 400 i.tmolmol CO 2 to 14.0 mg/plant at 1200 imo1.mol_i CO 2 and 45.5 mg/plant at 3000 l.tmol . mol' CO2. 
Discussion
There is a critical need to develop the technology to produce a consistent supply of high-quality pharmaceutically important plants. CE are one means of producing these high-value plants under conditions necessary to meet current and future regulatory standards for quality control. CE provide the technology to 
2.Ox 10
S. /ater,flora M 400 tmol.mor 1 CO2 C 02 1200 jimol.moI t CO2 LELO flIm 3(1(10 umol.mor 1 CO2 ' Fig. 8 . Effect of 400, 1200. and 3000 pmolmol CO 2 concentration on the total plant content of bioacttve fiavonoids in shoot tissue of Scute//arja late,iflora at 49 d after planting. Treatments with the different letter for a specific flavonoid are statistically different at P 0.05.
optimize biomass and biopharmaceutical content with environmental modification. CE also allow multiple harvests to occur, significantly increasing the total yield per area per year.
In well-managed field systems, the nutrient, irrigation, and pest management regime can be optimized for plant production. Under field conditions, however, the ambient concentration of CO, (<400 l.tmol.mol I) is well below typical the CO 2 saturation point of 1000-1200 pmol . mol for photosynthesis in C3 plants and is a primary factor limiting biomass production. 
2.5x103
Scutellaria barhata and S. lateriflora responded to CO2 enrichment by accelerating the growth rate, producing more biomass, and decreasing the time to flowering when the CO2 concentration was increased from 400 to 1200 p mol mol CO2.
The response of these Scutel/aria species is consistent with the responses reported for numerous food and ornamental crops over the years (Porter and Grodzinski, 1985; Stutte, 2006; Wheeler et al., 2003) . These growth effects are generally associated with increased rate of leaf photosynthesis when CO2 ceases to be a limiting factor for carbon assimilation. Under ambient CO 2 conditions, the total concentration of baicalein, baicalmn, and wogonin from field-grown (D. Shannon, personal communication), aseptically produced (Cole et al., 2008) , and CE production plants were comparable (1.7, 1.0, and 1.2 mgg' DM, respectively) despite significant differences in plant age and cultural conditions. Although the total concentration of the three compounds was comparable, there is significant variation in the relative concentrations of compounds from the different production systems. Field-grown plants contained l.5 mgg DM baicalin, 0.2 mg-g' DM baicalein, and trace amounts of wogonin (D. Shannon, personal communication). Cole et al. (2008) reported values of 0.6 mg-g-' DM baicalemn, 0.2 mgg DM baicalin, and 0.2 mg . g DM wogonin from aseptic culture of S. later/flora. These contrasted with our results of e0.5 mgg for baicalin and baicalin, and ra0.25 mg-g' DM for wogonin in CE plants.
The relative agreement of the total concentration, but differences in relative percentages, of baicalin, bacalein, and wogonin under ambient CO 2 conditions suggests that carbon flow into the flavonoid pathway are comparable, but that the regulation of the flavonoid pathway is affected by other environmental or genetic factors.
The increase in growth associated with CO 2 enrichment in CE was also accompanied by an increase in the total content of flavonoids in the vegetative tissue of S. barhata and S. laterflora. However, the response of flavonoid biosynthesis to CO2 enrichment was not the same in both species. An example is provided from the analysis ofbaicalin and baicalein, two flavonoids that were detected in both species. In S. later?flora, the concentration of baicalin and baicalein was nearly identical at ambient (400 !.imol . mol ' CO 2 ) conditions, and they were the dominant flavonoids. In contrast, the concentration of baicalin was three to four times higher than its aglycone, baicalein, in S. harhata, although the concentrations were much lower than S. later/flora. In S. laterflora, four compounds were detected: baicalin and its glycone, baicalin, and chrysin and its methoxylated structure wogonin. All four compounds increased significantly in response to elevated CO2 . Although flavone concentrations were lower in S. barbata, there was discrimination in the response of the flavones to CO2 that was not apparent with S. later/flora. Unlike S. later/flora, there was a significant increase in the baicalin/ baicalein ratio with increasing CO2, rising from 3.8 at 400 l.tmol . mOt CO 2 to 7.44 at 3000 p.molmol CO2 . There was a two times increase in the concentration ofscutellarein with CO2 enrichment, but only a modest 35% or no significant increase in the concentration of the aglycones apigenin, baicalein, and wogonin.
These results are generally consistent with those of B. Schmidt, W.D. Clark, and S.B Idso (unpublished data) who grew S. baicalensis at 700 imol . mol CO2 to determine what effects rising levels of atmospheric CO 2 might have on the production of active constituents in medicinal plants. They found, as expected, that total dry biomass was increased significantly, and that flowering was advanced by 1 week. That is consistent with the results observed with S. barbata and S. /ater flora. They also found that the overall antioxidant capacity, based on the ferric reducing antioxidant power assay, was increased. They did not see a consistent response of bioactive constituents to CO2 enrichment, with wogonin and baicalin increasing in concentration and that of baicalein decreasing.
Scutellarein was not detected in S. lateriflora, but was the predominant flavonoid in S. harhata, followed by baicalin, apigenin, baicalein, and wogonin. Increasing the CO 2 from 400 to 1200 tmolmol resulted in a 78% increase in scutellarein, a 55% increase in baicalin, and a 39% increase in apigenin, but had no effect on baicalein or wogonin concentrations. That lack of a change in baicalein concentration may be due to increased turnover to baicalin, leaving a steady-state level of baicalein. CO2 enrichment may have also activated a glucosyl-transferase responsible for the glucosylation of baicalein, resulting in an increase in levels ofbaicalin. Similarly, wogonin has a methoxy group at C-8 on ring A and it may be that enzymes responsible for methoxylation are not activated with increased CO2 enrichment. However, it appears that the hydroxylases were activated with elevated CO 2 , resulting in increased levels of scutellarein, baicalin, and apigenin in the shoot tissue.
As with S. harbata, baicalin and baicalein concentration increased in the leaf and stem tissue of S. lateriflora with increasing CO2 concentration, although baicalin had greater increases than baicalein, thus shifting the ratio between the compounds. This is pharmacologically significant because Lai et al. (2003) found that orally administered baicalin was absorbed more slowly and to a lesser extent than baicalein in rats.
Wogonin metabolism was also different in response to CO2 enrichment between the species. As with baicalin and baicalein, the concentration of wogonin was much higher (17x) in S. laterijiora than in S. harhata. CO2 enrichment had no effect on wogonin concentration in S. barbata, but had dramatic effects in S. lateriflora with concentration increasing five times from ambient to 3000 t.tmol . mol CO2.
The magnitude of the CO 2 response of species specific flavonoids were also variable. Scutellarein and apigenin were detected only in S. barhata, but not S. laterilfiora, and the concentration increased [scutellarein (78%) and apigenin (55%)] when CO 2 was increased to 1200 l.tmol . mol ',but there was no statistically significant response to additional enrichment to 3000 limol . mol '. Chrysin was only detected in S. lateriflora, and was the least abundant flavonoid detected, but did show a strong response to CO2, and increased over 7-fold over ambient in the 3000 l.tmol . mol ' CO2 treatment.
There are clearly species-specific responses to flavonoid composition, content, and response to CO 2 . There is currently not a good chemical or biosynthetic explanation for this because both show similar flavonoids, except to suggest that the biosynthetic machinery in S. lateriflora is activated by CO2 enrichment.
The effects of CO 2 concentration on apigenin and scutellarein concentration is interesting because both compounds have a hydroxyl group at C-4' on ring B. It is generally known that the B ring of flavonoids is derived from the phenylpropanoid pathway and it may be that in the leaves, the conversion of cinnamic acid to coumaric acid was inactivated or that coumaric acid was shunted to another pathway, making this C6-C3 precursor unavailable for the synthesis of apigenin and scutellarein. Additional work is required to test this hypothesis.
These results clearly demonstrate the potential to use CE to increase the production and quality of Scutellaria species. This is a significant finding because the practice has the potential to increase the value of the product by reducing the time to harvest, increasing yield per unit area, and increasing bioactivity per gram DM. Taken together, the increase in yield and quality provides an economic incentive to produce a consistent pharmaceutical-grade product for commerce. The impacts of cultural conditions and CO 2 concentration on biopharmaceutical production has not been widely investigated and needs to be understood, especially when the objective is the optimization of the plant chemistry.
These results also indicate that although the total content of bioactive flavonoids can be increased using CO 2 enrichment, the composition of flavonoids is also affected. There are indications that the composition would affect bioavailability and bioactivity of the a.i. (Lai et at., 2003) . This suggests that not only the total content, but also the composition of flavonoids, will have to be considered in the development of any CE production system for medicinal plants.
